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The integrin receptor is the major cell surface receptor responsible for cell--cell and cell--matrix interactions. It is a heteromeric glycoprotein in which each subunit contributes to the ligand binding site.[1](#cbic201600514-bib-0001){ref-type="ref"}, [2](#cbic201600514-bib-0002){ref-type="ref"} Dimeric member are generated by the combination of one 18 α‐ and one 8 β‐subunit in the 24 known mammalian integrins.[2](#cbic201600514-bib-0002){ref-type="ref"} Each integrin has a specific role, as demonstrated by gene knock‐out experiments in mice.[3](#cbic201600514-bib-0003){ref-type="ref"}, [4](#cbic201600514-bib-0004){ref-type="ref"} About half of the integrins bind their ligands with a key tripeptide sequence: arginine‐glycine‐aspartic acid (RGD).[2](#cbic201600514-bib-0002){ref-type="ref"}, [5](#cbic201600514-bib-0005){ref-type="ref"}, [6](#cbic201600514-bib-0006){ref-type="ref"}, [7](#cbic201600514-bib-0007){ref-type="ref"} The interaction between RGD‐containing proteins and their specific integrin receptors regulates a diverse array of fundamental cellular functions, including cell adhesion, migration, differentiation, and signaling.[1](#cbic201600514-bib-0001){ref-type="ref"}, [8](#cbic201600514-bib-0008){ref-type="ref"} Disregulation of these processes is involved in osteoporosis, inflammation, and several types of cancer, thus making integrins an appealing target for anticancer therapy.[8](#cbic201600514-bib-0008){ref-type="ref"}, [9](#cbic201600514-bib-0009){ref-type="ref"} This has resulted in the synthesis of RGD mimics as antagonists, imaging probes, and cell‐adhesion material.[1](#cbic201600514-bib-0001){ref-type="ref"}, [10](#cbic201600514-bib-0010){ref-type="ref"}, [11](#cbic201600514-bib-0011){ref-type="ref"}, [12](#cbic201600514-bib-0012){ref-type="ref"}, [13](#cbic201600514-bib-0013){ref-type="ref"} The relatively low affinity and integrin selectivity of linear RGD sequences can be increased by rigidification strategies, such as the use of cyclic peptides.[1](#cbic201600514-bib-0001){ref-type="ref"}, [14](#cbic201600514-bib-0014){ref-type="ref"}, [15](#cbic201600514-bib-0015){ref-type="ref"}, [16](#cbic201600514-bib-0016){ref-type="ref"} The RGD sequence has also been inserted into protein loops for binding and uptake applications.[17](#cbic201600514-bib-0017){ref-type="ref"}, [18](#cbic201600514-bib-0018){ref-type="ref"}

Fluorescent proteins, available in a diverse range of spectral characteristics, are highly attractive for the visualization of biological molecules, functions, and processes.[19](#cbic201600514-bib-0019){ref-type="ref"}, [20](#cbic201600514-bib-0020){ref-type="ref"} A frequently used and brightly fluorescent variant is monomeric Citrine (mCitrine).[21](#cbic201600514-bib-0021){ref-type="ref"} The β‐barrel fold of fluorescent proteins, with the chromophore in the center, is highly stable and amenable to mutations to the β‐strands and the connecting loops.[22](#cbic201600514-bib-0022){ref-type="ref"}, [23](#cbic201600514-bib-0023){ref-type="ref"}, [24](#cbic201600514-bib-0024){ref-type="ref"} As a result, incorporation of peptide epitopes into fluorescent proteins has potential for developing probes for bioimaging applications.[25](#cbic201600514-bib-0025){ref-type="ref"}, [26](#cbic201600514-bib-0026){ref-type="ref"} Fluorescent proteins have many loops as possible insertion sites for RGD motifs. Potentially, the microenvironment of each loop induces a specific conformation of the RGD motif and thus could modulate the affinity and selectivity for several integrins. Here we explore the insertion of the RGD sequences GRGDS into a number of loops of mCitrine and at the termini (Figure [1](#cbic201600514-fig-0001){ref-type="fig"}). We expressed this set of mCitrine variants, and evaluated their expression yield and fluorescence. A simple ELISA‐like integrin‐binding screening protocol was developed and used to evaluate the integrin affinities and specificities of the mCitrine‐RGD probes.
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Two strategies were employed for introducing GRGDS at different positions in mCitrine. The amino acid sequence was either inserted into the mCitrine sequence, thus expanding the size of the loop, or replaced a five‐residue loop stretch, thus retaining the size of the loop. Reported mCitrine mutation sites[22](#cbic201600514-bib-0022){ref-type="ref"}, [23](#cbic201600514-bib-0023){ref-type="ref"} were used to introduce the GRGDS sequences (Figure [1](#cbic201600514-fig-0001){ref-type="fig"}), with the aim of retaining the integrity of the β‐barrel fold. The N and C termini were also tested for GRGDS incorporation, as these are non‐structured, exposed protein elements. Site‐directed mutagenesis was used to insert the GRGDS‐encoding sequence in the mCitrine gene. Except for the 190/194 (exchanged) construct, all designed DNA constructs were successfully obtained (Table [1](#cbic201600514-tbl-0001){ref-type="table-wrap"}). The constructs were expressed as soluble fusion proteins in *Escherichia coli*, with an N‐terminal His‐tag for purification and surface immobilization for integrin‐binding studies. The expressed proteins were purified by nickel‐nitrilotriacetic acid (Ni‐NTA) affinity chromatography with stringent washing to obtain mCitrine‐RGD constructs with high purity (Figure S1 in the Supporting Information). Protein yields were between 0.5 and 28 mg per liter of lysogeny broth, thus reflecting the influence of the RGD modifications on mCitrine expression level. Notably, good integrin‐binding constructs (e.g., 140/141 and 194/195; vide infra) expressed with higher yields. The functional integrity of the new protein constructs was assessed by analysis of the fluorescence properties (Table [1](#cbic201600514-tbl-0001){ref-type="table-wrap"}). The majority of the proteins exhibited fluorescence intensities and emission maxima similar to those of unmodified mCitrine, thus confirming the tolerance to RGD‐epitope introduction. Nonfluorescent protein constructs were obtained when five residues were exchanged for GRGDS in the amino acid region 116 to 144. Insertion in this region was only problematic for the 134/135 construct. These findings indicate that the loops in this region have an important, probably allosteric, role in maintaining chromophore integrity, so generally do allow insertion of additional amino acids.

###### 

mCitrine‐RGD protein constructs and characteristics.

  GRGDS position    Cloning^\[a\]^  Fluorescence^\[b\]^   ELISA signal intensity \[a.u.\]   
  ---------------- ---------------- --------------------- --------------------------------- -------------
  none                    \+        398                   0.058±0.010                       0.123±0.003
  **Inserted**                                                                               
  N terminus              \+        n.a.                  0.137±0.014                       0.133±0.008
  49/50                   \+        445                   0.238±0.008                       0.146±0.006
  78/79                   \+        342                   0.098±0.002                       0.142±0.006
  116/117                 \+        425                   0.332±0.013                       0.249±0.009
  134/135                 \+        n.a.                  0.480±0.050                       0.136±0.013
  140/141                 \+        393                   1.60±0.05                         0.98±0.10
  157/158                 \+        372                   0.164±0.002                       0.142±0.001
  172/173                 \+        393                   0.445±0.024                       0.180±0.010
  189/190                 \+        377                   0.313±0.008                       0.195±0.004
  194/195                 \+        240                   1.90±0.04                         0.789±0.025
  213/214                 \+        405                   0.629±0.054                       0.135±0.006
  C terminus              \+        392                   0.057±0.010                       0.142±0.005
  **Exchanged**                                                                              
  49/53                   \+        270                   0.057±0.010                       0.158±0.003
  78/82                   \+        38                    0.177±0.006                       0.483±0.025
  116/121                 \+        n.a.                  0.124±0.003                       0.125±0.003
  135/138                 \+        n.a.                  0.64±0.04                         0.207±0.044
  140/144                 \+        n.a.                  0.63±0.02                         0.439±0.014
  156/160                 \+        479                   0.244±0.009                       0.164±0.010
  171/174                 \+        392                   0.244±0.011                       0.188±0.030
  190/194                 −         n.d.                  n.d.                              n.d.
  194/198                 \+        235                   1.158±0.019                       0.69±0.01
  211/215                 \+        192                   0.095±0.005                       0.128±0.009

\[a\]+: successful; −: not successful. \[b\] Fluorescence intensity (arbitrary units): *λ* ~ex~=515 nm, *λ* ~em~=528 nm for 1 μ[m]{.smallcaps} mCitrine‐RGD in PBS; n.a. not active; n.d. not determined. \[c\] ELISA signal intensity for two representative integrins. Values are mean±SD (*n*=3).
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A microtiter‐plate‐based integrin‐binding assay was established to simply and rapidly evaluate the binding of the expressed fluorescent mCitrine‐RGD proteins to a set of integrin receptors. The assay was similar to an indirect enzyme‐linked immunosorbent assay (ELISA): integrin receptor was immobilized on a microtiter‐plate, and bound mCitrine‐RGD was detected by its N‐terminal His‐tag (goat anti‐His primary antibody with secondary antibody conjugated to horseradish peroxidase; Figure S2). The assay was initially optimized by using the 140/141 mCitrine‐RGD protein and non‐RGD‐containing mCitrine as a negative control. Optimal signal to background ratios were obtained when using 0.1 % (*w*/*v*) milk powder (blocking reagent) and 1:1000 (primary) and 1:10 000 (secondary) antibody dilutions (Figure S3).

All mCitrine‐RGD constructs, including nonfluorescent, were screened against four different human integrin receptors: the RGD binding α~v~β~3~, α~v~β~5~, and α~5~β~1~ receptors and the non‐RGD‐binding α~1~β~1~ receptor (Figure [2](#cbic201600514-fig-0002){ref-type="fig"} and Table [1](#cbic201600514-tbl-0001){ref-type="table-wrap"}). The screening revealed clear position‐dependent differences in integrin binding. The mCitrine constructs with an additionally integrated GRGDS motif in position 140/141 and 194/195 turned out to be, overall, the strongest binders. For the mCitrine constructs in which five amino acids were exchanged for GRGDS, position 194/198 led to the most potent overall binder. The 78/82‐exchanged construct bound to all integrins tested. However, as the α~1~β~1~ integrin typically does not bind its ligand in an RGD‐dependent fashion, the binding of the 78/82 construct to this and the other integrins could result from nonspecific binding. Whereas integrin α~v~β~5~ and especially α~v~β~3~ showed relevant binding to a diverse set of protein constructs, integrins α~5~β~1~ and α~1~β~1~ basically showed no affinity for the mCitrine‐RGD constructs. In general, integration of the GRGDS motif by insertion led to constructs with higher integrin binding than those generated by exchange. The enhanced binding of the mCitrine mutants with an inserted GRGDS motif is intriguing; it might be due, in part, to the better surface exposure of the RGD motif caused by having five extra amino acids in the protein sequence.

![mCitrine‐RGD variants binding to human integrin receptors α~v~β~3~, α~v~β~5~, α~5~β~1~, and α~1~β~1~. A) GRGDS sequence inserted at the indicted positions. B) GRGDS substituted for five amino acids at the indicted positions.](CBIC-18-441-g002){#cbic201600514-fig-0002}

The importance of the structure of the GRGDS sequence for affinity is illustrated by the absence of binding by the two constructs with the RGD epitope in the flexible N or C terminus (0/1 and 240/241). Both nonfluorescent mutants at amino acid 135 (134/135 and 135/138), and the fluorescent constructs 213/214 and (to a lesser extent) 172/173 displayed selectivity for α~v~β~3~ over α~v~β~5~. The local chemical environment of the loop thus confers binding selectivity.[28](#cbic201600514-bib-0028){ref-type="ref"}

The two most prominent integrin‐binding probes, those with insertions at 140/141 and 194/195, were analyzed for integrin‐binding specificity. For this, GRGDS was substituted with GRADS. The single additional methylene group reduced the binding to all four integrins back to the mCitrine background levels (Figure S4), thus confirming the selective binding of the mCitrine‐RGD constructs to α~v~β~3~ and α~v~β~5~. The constrained turns thus orient the side chains with respect to the peptide backbone; this determines binding specificity, as postulated by Kessler and colleagues.[8](#cbic201600514-bib-0008){ref-type="ref"}

Fluorescent proteins are versatile tools in chemistry and biology, and incorporation of RGD motifs in the loops provides entry to genetically encoded fluorescent probes for integrins. Our library of 22 mCitrine‐RGD constructs contained strong binders for α~v~β~3~ and α~v~β~5~ as well as integrin subtype‐selective binders. Loop selection was essential, as shown by the inactivity in integrin binding by constructs with the RGD sequence in the flexible termini and in some other loops. The insertion of RGD motifs in mCitrine loops thus imposes a specific structure and microenvironment on the RGD motif; this can facilitate integrin binding and selectivity, and provides a intriguing platform for studies of the structure--function relationship of diverse RGD geometries. The strong‐binding 140/141 and 194/195 constructs have GRGDS at opposite sites of the β‐barrel (Figure [1](#cbic201600514-fig-0001){ref-type="fig"}). The activity and selectivity at these two different positions in mCitrine could be advantageous in homo‐ or heterodimeric sandwich systems, thereby allowing binding to the two sides of mCitrine for integrin targeting and imaging at the cellular level. Constrained peptide motifs enable tissue targeting.[5](#cbic201600514-bib-0005){ref-type="ref"}, [8](#cbic201600514-bib-0008){ref-type="ref"}, [9](#cbic201600514-bib-0009){ref-type="ref"} The mCitrine scaffold also offers the possibility to insert other specific sequences (e.g., NGR[29](#cbic201600514-bib-0029){ref-type="ref"} and YIGSR)[30](#cbic201600514-bib-0030){ref-type="ref"} in combination with GRGDS. Such combinations provide access to specific targeting with fluorescent proteins.
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